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I N T R O D U C T I O N

The high-energy-density (HED) fuels developed under
U.S. Navy sponsorship as a replacement for conven-
tional liquid fuels in its missile propulsion systems have
the drawback of high soot propensity: this makes mis-
siles visible and thus strategically unacceptable. Exper-
imental evidence of heavy sooting from such potential
fuels has been presented by Law[l]. Soot propensity is
defined here as the ability of a fuel to form soot pre-
cursors through nucleation react ions; it does not refer
to soot growth, or soot production which includes the
additional effect of soot destruction through oxidation
react ions.

The general goal of this study is to investigate
the potential for reducing soot propensity through the
reduction in soot nucleation reactions which are the
initiators of soot formation processes. The concept
employed is electrostatic liquid drop charging for dis-
persing drops so as to avoid the creation of the fuel-
rich- vapor regions where soot mrcleat ion occurs. ‘I’he
relation between drop dispersion and soot formation
has been experimentally investigated by Sangiovanni
and Liscinsk y [21 who showed that the soot emission in-
dex decreases monotonically with the spacing between
drops in a stream. The results were consistent for a
variety of fuels and oxygen mass fractions in the sur-
rounding gas. Since in that study [2] it is only the effect
of drop spacing in a single direction that has been inves-
tigated, those results underestimate the benefit of drop
dispersion in a real spray where a drop is surroundeci
by other drops in all directions.

The previous two years studies have focussed  on:
(1) calculations of fuel properties [3], (2) proof of the
concept [4], and (3) elucidation of velocity effects (is it
soot propensity reduction, or could it be soot oxidatioll
effects) [5]. This year has been focussed on: (1) cal-
culation of additional fuel properties (more recent fuels
used by Law [6]), and (2) binary fuel effects where only
one of the fuels is a HED fuel.
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M O D E L

The model  is based upon the cluster-in-vortex model of
Harstad and Bellan  [7] and the model of solvent/solute
evaporation of Harstad and Bellan  [8]. Since it is the
binary fuel aspect that is of interest here, it is this model
that is briefly described below.

The two main assumptions of the model is that
the solute is much more volatile than the solvent (once
at the drop surface, the solute evaporates immediately)
and that the mass fraction of solute is smaller by al-
most an order of magnitude than that of the solvent.
In general, the evaporation rate is the sum of three
terms: the evaporation rate of the solvent according
to the Langmuir-Kmrdsen (PK) evaporation law, the
diffusion rate of the solute through the boundary layer
and the rate of surface layer stripping of the solute.
However, two important limiting regimes of evaporation
are identified according to the value of a dimensionless
number Be = – [R/ (Dn)ul )]05 (dR/dt) that represents
the ratio of the mass regression rate to a characteristic
volatile diffusion rate; R is the drop radius, Dm is the
liquid nm.ss diffusivity, UI is the velocity of the liquid
inside the drop and t is the time. When Be << 1, diffu-
sion into the boundary layer governs the rate of species
transfer from the liquid core to the drop surface; sub-
sequent mass transfer from the drop surface to the gas
phase is governed by evaporation according to the L
K evaporation law. These are sequential processes and
the overall mass transfer is determined by the lower of
the diffusion and evapcmation rates. In contrast, when
Be >> 1, transfer of the solute from the liquid core to
the gas phase is governed by the rate of surface layer
stripping (the evaporation rate of the drop). Because
surface layer stripping ancl diffusion rate from the core
to the boundary layer are competitive processes, the
overall transfer of solute from the core to the gas is gov-
erned by the higher of the diffusion and drop regression
rates. The qua.si-steacly boundary layer assumption is
consistent with De << 1 but inconsistent with Be >> 1.
Results from previous simulations show that dilute clus-
ters of drops evaporate in the De << 1 regime whereas
dense clusters of drops evaporate mostly in the Be >>1
regilne.
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SIMULATIONS RATIONALE

Early experiments with cubanc  by IJaw [1] pointed out
OIIC of the main drawbacks of cubanc FLS a liquid propul-
sion fuel: in solution with other fuels it does not par-
ticipate in combustion and instead it accumulates in
the fuel crest ing an increasillgly  viscous, less volatile
mixture until supersaturation occurs when a tenlpera-
ture larger than the boiling point of the more volatile
fuel is attained. It is only at that time that nlicroex-
plosions ensue and cubane participates in the burning
process. To palliate this aspect of cuba~~e, liquid cubane
compounds were synthesized and studied. For exrun-
ple, experiments by Law [6] at p = 0.25 atm showed
that methylcubane  (MTCU) has a considerably larger
burning rate constant, K, than nonane (NONA), a typi-
cal hydrocarbon; experiments were also performed with
pure nonane and pure MTCU showing the increme  in
K with p, and with mixtures of nonane/MTCU.  The
rationale of using mixtures of a HED fuel and a typical
hydrocarbon is that Hf3D fuels are expensive and thus
might not be economically feasible  to use; judiciously
used in solution with a hydrocarbon they might still
enhance burning, yet be more economical.

Taking guidance from the experiments of Law [6],
MTCU  was chosen as a typical HED to be usecl as
a solute in a mixture with a hydrocarbon. Following
the methods previously outlined [3], the properties of
MTCU were estimated as seen in Table 1. Plots of the
saturation pressure versus the temperature for benzva-
lene (BV), quadricyclrme (QUAD), dihydrobenzwdenc
(DHBV),  MTCU, heptane (HPT)  and NONA appear
in Fig. 1. These plots show that the difference in
volatility between MTCU and NONA is such that at
for Law’s experimental conditions of p = 0.13 at m and
0.25 atm, MTCU is more volatile than NONA and thus
the mixture NONA/MTCU is indeed a reasonable sol-
vent/solute mixture. However, for p > 1 atm, it is
NONA that is more volatile than MTCU and the en-
tire concept of the HED being used m a solute breaks
down. Moreover, it appears that for p > 1 atm MTC;U
is the least volatile of the substances considered here
and thus it cannot serve as a solute in any combination
with them.

Since the previous conclusion is a direct result of
the estimated MTCU properties, a calculation was car-
ried out with the cluster-in-vortex moclel exercised in
the very dilute regime to attempt duplicating the pure
LITCU results of Law [6] at p == 0.13 atm and 0.25 atm.
This validation should be viewed with caution because
the model of the cluster-in-vcjrtex can break down in
the very dilute regime as it was derived primarily for
the dense regime. Calculations were pcrforlncd  with a
cluster of uniforrnly-distrihutcd,  monodis~)crsc  drops of
0.438 mrn diameter at 0.13 atrn and of 0.531 rnnl diam-
eter at 0.25 atm in a vortex embcdclcd  ir)to a very hot
T environment (3000 K) to duplicate the high flanw
temperature of M’I’CU (which however had not been

111(’i~$llre([  [6]). I’llc  clllstcr radius wws 2 crll; both the
vortex and the drops lMCI Ilegligiblc  velocities [0(10-3)
cnl] to clul)licatc  the collvection-free environment of the
cxpcri[ncnt.  The calculations at 0.13 atm yielded K =
1.125 nm12/s which shoulcl be compared to the experi-
mental value of 1.2 nm12/s.  Calculations at the higher
pressure (0.25 atrn) could not be completed due to con-
vergence problenls as the ruodel and cocle have not been
derived for the very dilute regime. However, even the
limited agreement at p == 0.13 atm is an indication that
there is some validity to the calculated properties (Ta-
ble 1 and Fig. 1).

Further examination of Fig. 1 showed that NONA
is considerably less volatile than BV, QUAD or DHBV
and thus was chosen to represent the solvent while the
other three fuels were used as solutes. The results of
the calculations were used to examine the evolution of
the part ial fuel density: (1) effect of the solute for un-
charged drops, (2) effect of the solute for charged drops,
and (3) fuel specific effects for charged drops; these re-
sults will be reported at the meeting.
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‘ Symbol BV QUAD DH13V MTCU

O, E (air/fuel) mass 13.2 13.4 13.7 13.4

u), g/mole 78.12 92.14 80.14 118

Tb,,, K 353 382 344 423

J&j cal/g 96.90 96.85 74.50 58.1

ACP, cal/(gK) 6.8x 10-2 1.48 x10-3 o(&W.Itl) O(assm)

PI, g/cm3 0.879 0.7 0.71 0.908

C’P~, cal/(gK) 0.415 0.36 0.432 0.2

Pl, g/(ems) 0.392 x10-2 0.316 x10-2 0.35x 10 -2( asSm) 0.35x 10 -2( assm)

Dd(Lel=lO),  cm2/s 0.995 x10-4 0.999 x10-4 0.978 x10-4 1.27x 10-4

A, cal/(gK) 3 . 6 3 x 1 0 -4 2 . 6 7 x 1 0 -4 3 X 1 0 -4 2 . 4 4 x 1 0 -4

Cpg(Tg = 424 K) 0.37 0.435 0.437 0.4—

Table 1: Properties of high-energy fuels
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Figure 1.
MTCU (

Saturation pressure versus temperature for BV(——————); QUAD (- - - -); DHBV (- .- ~ -);

. .); HPT (- - --); NONA (- . . -).
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